1. Data from the literature were used to document colonization patterns by introduced freshwater fishes in 125 drainages across temperate North America. We analysed this data set to quantify susceptibility to invasion, success of the invaders and changes in species richness. 2. Drainages with a high number of impoundments, large basin area and low native species diversity had the greatest number of introduced species. Those drainages containing few native fishes exhibited great variation in the number of invaders, while waters with a rich native fauna contained few introduced species. However, this pattern did not differ significantly from random simulations because the pool of potential invaders is greater for drainages with low species richness. 3. In most drainages, there were more introduced than imperilled or extirpated species, suggesting that invaders tend to increase overall species richness. 4. These patterns suggest that North American fish communities are not saturated with species, but instead, are capable of supporting higher levels of diversity if the pool of potential colonists and the rate of colonization from that pool is increased.
Introduction
The biota of the Earth is being`homogenized' by the human-assisted dispersal and establishment of nonnative species. The introduction of alien species can be viewed as uncontrolled, often unintended experiments, which can be analysed to address important questions in both basic biology and applied conservation: (1) How susceptible to invasions are assemblages of native species; in particular, are biotas with low species richness more readily colonized than those with greater numbers of native species? (2) Are particular species more successful in invading foreign communities? (3) Does the establishment of invaders increase or decrease overall species diversity because the colonizing species either coexist with or cause the extinction of natives?
North American freshwater fish communities provide excellent systems to assess the patterns and consequences of biological invasions. Because of the isolation of drainages and the inability of freshwater fish to disperse across land and sea, the native communities of different drainages tend to have distinctive species composition, low to moderate species richness and moderate to high degrees of endemism (Hocutt & Wiley, 1986; Allan & Flecker, 1993) . Since the European colonization of America, and especially in the last century, native fish communities have been subjected to invasion by alien species (Courtenay & Stauffer, 1984) . These aliens include species imported from other continents (exotics) as well as North American species that have been introduced into drainages where these fish did not originally occur. Non-native species have expanded their ranges by moving through canals and other aquatic connections created by humans, as a result of legal introductions to enhance sport and commercial fisheries for ecological management (e.g. mosquito control), and through other activities, such as illegal releases of bait and aquarium fish and escapes from fish farms (Mills et al., 1993) . The result of these introductions is that many freshwater ecosystems have been altered drastically by alien species and some drainages now contain more introduced than native species (Courtenay & Stauffer, 1984; Krueger & May, 1991; Minckley & Deacon, 1991) .
The ability of communities to resist invasion from non-natives is a complex issue and has been shown to be influenced by environmental variability (Baltz & Moyle, 1993; Williamson, 1996) , biotic interactions such as competition and predation (Ross, 1991; Lodge, 1993) , and abiotic disturbance (Herbold & Moyle, 1986; Moyle, 1986) . Once established, introduced species have been cited as a major factor, along with habitat alteration, contributing to the extinction of many North American fish (Miller, Williams & Williams, 1989) . In the present study, we compared available data on fish faunas within drainages across temperate North America to examine patterns of colonization by introduced fishes. In particular, we investigated the relationship between the number of introduced species, and various drainages characteristics such as native species diversity and habitat modification by impoundments. We also asked if the number of introduced species was greater in drainages with many imperilled or extirpated native species.
Materials and methods
We compiled data on the native and introduced freshwater fishes inhabiting 125 drainages distributed across temperate North America (Fig. 1) . Most of the data came from Hocutt & Wiley (1986) , but these were supplemented with information from other sources (see`Appendix 1'). Drainages were defined by the authors who described the fish fauna in each region. We classified as an introduced species any fish considered not to be native to a drainage where it has an established, reproducing population. Thus, introduced species included both exotic species from other continents and stocks of native North American fishes that have been imported into drainages where they did not previously occur. When the status of a particular species was uncertain (native or introduced), those species were excluded from the analysis.
Stepwise multiple regression analysis (SSPS, 1996) was used to examine the importance of various factors in predicting the number of introduced species in a drainage. These factors included native species diversity, drainage basin area, latitude, rainfall, number of reservoirs and the surface area of reservoirs. Because of major differences in western and eastern fish faunas (e.g. evolutionary history) and because drainages differed in their connectivity (e.g. some are coastal drainages while others are subdrainages within a larger drainage basin), a separate regression was performed for only those drainages within the Mississippi River basin (n = 52) as a comparison. Estimations of basin area for drainages within the U.S.A. and Mexico were taken from the Museum of Zoology, University of Michigan, Ann Arbor, MI, U.S.A., drainage map. Canadian drainages were estimated from a map taken from the National Geographic Society (1992) . A regression of our estimated drainage areas to known drainage areas (taken from USGS hydrologic units; Seaber, Kapinos & Knapp, 1987) for eighty-five of the 125 drainages showed that this method provided a reasonable estimation of drainage area (r 2 = 0.981, P < 0.0001).
The latitude of each drainage was calculated as the median point between the northern and southern extreme of the drainage basin. The mean annual precipitation was estimated at the median point of each drainage from a precipitation map of North America (Espenshade, 1990 Stepwise regression analyses were also used to predict the occurrence of exotic species in North American drainages (all drainages and Mississippi Basin drainages) using the same variables described above. This analysis was performed because of potential differences in patterns of invasion as a result of unique evolutionary histories of these species on other continents (e.g. these are less likely to coexist with a congeneric species in North America). Additionally, native species diversity does not influence the potential pool of exotic invaders (see below). Because the available pool of invaders is greater for less speciose drainages (i.e. a species cannot invade an area where it natively occurs), randomized computer simulations were used to compare observed patterns of introduced species occurrences with random patterns. We tested if drainages with low native species richness had more introduced species than predicted by random. From the above data set, we obtained presence-absence data for 128 species which had introduced populations within the 125 drainages. A random matrix was developed by assigning each of the 128 introduced species to drainages at random; the number of drainages a particular species was assigned to was equal to the actual number of drainages that species had invaded. Species were only assigned to drainages where they did not occur as natives. Thus, this model assumed all species were capable of colonizing all drainages unless the fish occurred there natively. Simulations were run 1000 times to give a mean, 99% upper confidence interval and the maximum number of introduced species for each drainage. Drainages of varying species richness were then compared for the percentage of drainages where the observed number of introduced species was greater than the mean, upper 99% confidence interval and the maximum values. Differences between observed values and those expected on the basis of random placement were tested with a G-test (Sokal & Rohlf, 1995) .
We also examined the relationship between establishment of introduced species, and the number of threatened, endangered or extirpated native species. A list of threatened and endangered species was taken from Williams et al. (1989) . Lists of extirpated species were taken from the references listed in`Appendix 1 ' and Miller, Williams & Williams (1989) . An extirpated species was defined as any fish that naturally occurred, but no longer existed in a particular drainage.
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Results
Patterns of invasion by alien species
Drainages containing few native fishes exhibited much greater variation in the number of invaders than those with rich native faunas (Fig. 2) . The mean ( SD) species richness in the drainages we analysed was 78.3 36.5 species. In drainages with less than seventy-nine species, the number of introduced species averaged 11.2 9.9 and ranged from zero in several drainages to forty-eight species in the upper Colorado River. By contrast, waters with richer native faunas (³ 79 species) averaged 7.7 5.1 introduced species and ranged from zero to no more than 21.
Stepwise multiple regression showed that the number of reservoirs, native species diversity and drainage area significantly contributed towards predicting the number of introduced species in a drainage (P < 0.001, r 2 = 0.395; Table 1 ). The number of introduced species increased with number of reservoirs and drainage area, but decreased with native species richness. Prime examples of drainages with many alien species are large rivers of the southwestern U.S. (Colorado and Rio Grande) and the Central Valley of California (Sacramento±San Joaquin). When only Mississippi Basin drainages were considered, only drainage area was found to be significantly correlated with the number of introduced species (P < 0.001, r 2 = 0.426). However, native species diversity barely missed the criteria of the stepwise procedure (t = ±1.957, P = 0.056; P < 0.05 needed to be included).
In a similar analysis with only exotic species, a weaker, yet significant relationship was found (P < 0.001, r 2 = 0.261; Table 2 ). In this case, the number of exotics showed a positive relationship with total reservoir area and native species diversity and a negative relationship with rainfall. When only Mississippi Basin drainages were considered, a stronger relationship occurred (r 2 = 0.437). Drainage area and native species diversity were positively associated with the number of exotics species.
In random simulations where introduced species were assigned to drainages with the constraint that these could not be assigned to a drainage where the fish were native, a negative relationship between the number of native and introduced species also occurs. This is simply because the pool of potential invaders that are native to North America is greater for depauperate drainages. When the randomized and observed data were compared, the proportion of drainages with observed number of introduced Fig. 2 Number of introduced fish species which have colonized 125 North American drainages as a function of the number of native species which originally occurred in the drainage. The lines represent least-square regression lines from minimum and maximum values from 1000 simulations where species were randomly assigned to drainages. Note that drainages with low species richness are expected by random to have greater variation in the number of introduced species because the pool of potential invaders is greater. species greater than random was not significantly different for species-poor (< 79 species) and speciesrich (³ 79 species) drainages (Table 3 ). However, there was a trend (G = 2.954, P = 0.086) for species poor drainages to have more introduced species than predicted maximum values for each drainage (Fig. 2) .
Colonization of introduced species and imperilment of natives
In Fig. 3 , we plot the number of imperilled or extirpated native species as a function of the number of introduced species, and the line of equality is drawn for a reference. In only twenty-one out of the 125 drainages were more native species imperilled or extirpated than introduced species colonized. Even under the assumption that a large proportion of imperilled species may become extinct, this pattern shows that there has been a net increase in the total number of species following the introduction of an alien species in most drainages.
Differential success of introduced species
Although a total of 128 alien species have become established in one or more drainages, a small minority of these have colonized many drainages (Fig. 4) . Four species have colonized more than fifty drainages, twenty species have colonized twenty or more drainages, and ninety-four have colonized ten or fewer drainages. Four out of the ten most widespread species that have been introduced into North American drainages are Eurasian exotics: common carp, Cyprinus carpio L.; goldfish; Carassius auratus (L.); brown trout, Salmo trutta L.; and grass carp, Ctenopharyngodon idella (Valenciennes) ( Table 4) . Aside from these four species, the most widespread invaders are native to North America, and all have been widely distributed 
Discussion
Patterns of invasion by alien species
Using this data set, it is apparent that most drainages within temperate North America are susceptible to colonization by one or more non-native fish species. Although a few drainages still contain no introduced species, this probably reflects a limited number of colonization opportunities rather than ability to resist all potential invaders. Most of these drainages have been colonized by both species native to other drainages in North America and species non-native to the North American continent. Moreover, the number of exotic species in a drainage was positively correlated with native species richness. This supports the predictions by Moyle & Light (1996) and Williamson (1996) that all communities are susceptible to invasion by introduced species regardless of native species diversity. However, on the scale of the North American continent, there appears to have been an upper bound on the total number of introduced species which can colonize communities of varying native species richness. Although most of the drainages with rich native faunas contained some introduced species, the number was uniformly low. On the other hand, a low diversity of native species can make the community susceptible to colonization, but does not necessarily make it so. The triangular relationship between the number of introduced species and the number of native species (Fig. 1) suggests the variation is confined within a constraint envelope (Brown & Maurer, 1987; Brown, 1995) . A constraint envelope of this type suggests that some powerful factor places an upper limit on the ability of introduced species to invade communities of varying species richness. Such factors may include the resistance of the native community, fewer colonization attempts and a lower human desire to introduce species in drainages with high species richness. Not all drainages with low diversity of native fishes have been colonized by large numbers of introduced species. We suggest two reasons for this: (1) Some may be more isolated and less subject to human influence, such as sport fishing and damming to create reservoirs, and therefore, these have not yet been subjected to high levels of immigration by other fishes (e.g. Moyle, 1986) ; (2) Others drainages, such as extreme northern drainages (e.g. Skeena, Nass and Ottawa) may represent environments which are physically stressful, and therefore, only a small proportion of potentially colonizing species can become established. A number of factors such as frequent flood disturbance, high salinity and low temperature have been shown to influence the success of introduced species (Bulger, 1984; Freda & McDonald, 1988; Meffe, 1991; Baltz & Moyle, 1993) . Thus, low numbers of introduced species may be a result of some combination of limited opportunities for introduction and unsuitable environments for establishment.
Because of the large scale of our analysis, several sources of bias must be considered when interpreting this data set. Firstly, the drainages we used were a somewhat arbitrarily chosen subset of North American drainages. For example, the exclusion of extreme northern and southern drainages may have influenced our regression analysis (i.e. latitude may not have been excluded from the model). However, because both regions have low native species richness [< 55 spp. in Florida (Swift et al., 1986) and < 75 spp. in arctic regions (Crossman & McAllister, 1986) ], the patterns of invasion in these drainages are similar to other regions with low native species diversity, i.e. drainages in Florida have relatively large numbers of introduced species (Courtenay et al., 1984) and those in arctic regions have low numbers of introduced species (Crossman & McAllister, 1986) . This is consistent with the general pattern of greater variation in number of introduced species in drainages with low species richness than those with high species richness (Fig. 1) .
Secondly, we had no way to quantify the number of failed colonization attempts by introduced species. Without this information, it is difficult to distinguish between drainages which are resistant to invasion and those where few colonization attempts have occurred, assuming that more colonization opportunities increases a species chance of becoming established in a drainage (e.g. Williamson, 1996) . This is important because stocking and management of sport fish has increased the number of colonization opportunities in many drainages. Because of this, there may be less pressure for deliberate introduction of fishes in drainages with high native species richness because many sport and baitfish are native (Moyle, 1986) . Moreover, our random simulations showed that more introduced species are expected in areas of low native species diversity by random chance alone. Thus, the large number of introduced species in depauperate regions may be partly a result of a greater number of potential colonists.
While the number of intentional introductions may be greater in regions with lower native species richness, many introduced species have become established as a result of unauthorized introductions (e.g. release of bait and aquarium fish, and aquatic connections with other drainages). Interbasin transfer of fish through human made canals and other aquatic connections would presumably be just as high or higher in regions with high native species richness. The Tennessee River provides an example. Several of the introduced species in this region immigrated through the connection of the Mobile Basin and the Tennessee±Tombigbee Waterway, which was completed in 1985 (Etnier & Starnes, 1993) . The total number of introduced species in this drainage (n = 18), while high for a system with high native species richness, is still much lower than several drainages with depauperate native faunas. It remains to be seen if the number of introduced Fish invasions in North America 393 species in this speciose region will continue to increase given the lack of a land barrier between the drainages. Finally, differences in connectivity among drainages may influence the colonization opportunities of introduced species. Drainages which have natural freshwater connections (e.g. Mississippi Basin drainages) may allow greater movement of introduced species among drainages. Thus, the establishment of an alien species in one drainage may result in the spread of that species to other drainages. This may explain the relatively strong correlation between drainage area and number of introduced species in Mississippi Basin drainages. Presumably, there is a greater likelihood of an introduced species spreading into a larger drainage basin with high habitat heterogeneity than in smaller drainages with low habitat heterogeneity. There are clearly a number of factors which influence the susceptibility of fish communities to invasion. However, without information on colonization opportunities, it is difficult to determine causal factors leading to the success of introduced species.
Colonization of introduced species and imperilment of natives
An interesting question about the establishment of alien species concerns their impact on the community. Although many kinds of impacts, such as changes in abundance and niche relationships, cannot be assessed without detailed ecological data (e.g. Douglas, Marsh & Minckley, 1994; Golani, 1994) , our database provides information on one important impact, i.e. extinctions or imperilment of native species. Although introduced species are thought to contribute to the extinction of many native species (e.g. Miller, Williams & Williams, 1989) , this may not occur in most stream ecosystems (e.g. Baltz & Moyle, 1993) . Our data show that invasion by exotic species does not necessarily lead to extinction or imperilment of many native species. In fact, invasion by introduced species usually resulted in an increase rather than a decrease in total fish species richness. However, an increase in local species richness caused by alien species does not necessarily result in an increase in diversity at all spatial scales (Angermeier, 1994) . Since some extinctions of natives do usually accompany invasions and since locally endemic forms tend to be differentially susceptible, the spread of introduced species tends to reduce global diversity even while it may be increasing local diversity. In addition, extinctions and other negative impacts of colonizing invaders often are not confined to the fish community (Goldman et al., 1979; Post & Cucin, 1984; Carpenter, Kitchell & Hodgson, 1985) . In particular, introduced fish have been shown to have community-wide impacts, even at bottom trophic levels (Flecker & Townsend, 1994) . Because of these more subtle impacts of introduced species, long periods of time may be necessary to realize their effects on native fish communities.
General considerations
Our study presents empirical patterns on the distribution of introduced species within temperate North America. The results can be interpreted generally in the context of island biogeographic theory (MacArthur & Wilson, 1967; Barbour & Brown, 1974; Williamson, 1981) . Drainages are effectively islands of aquatic habitat separated by land barriers that inhibit colonization by fishes. Human-assisted transport of fishes between continents and between drainages within continents has drastically increased the rate of colonization. The result has been a net increase in fish species richness in most drainages because the number of colonizations by alien species has exceeded the number of extinctions of native species. Our data on fish communities support the hypothesis that most communities in nature are not saturated with species, but instead, are capable of supporting greater numbers of species if the pool of potential colonists and the rate of colonization from that pool is increased (Cornell & Lawton, 1992) .
We do not mean to imply that biological invasions do not cause major ecological changes. Invasions may lead to shifts in abundance and habitat distributions of native species, alterations of food webs and habitats, and changes in ecosystem processes (Vitousek, 1990; Crossman, 1991; Krueger & May, 1991; Townsend, 1996) . Although some of these impacts caused by introduced species may be viewed as deleterious to both natural ecosystems and human interests, the impacts of introduced fishes on North American communities have not normally included wholesale decreases in species richness.
Appendix 1 List of drainages examined for patterns of introduced fish in North America. The number of native, introduced and extirpated species was taken from the citation for each region. See`Materials and methods' for sources of other data Fish invasions in North America 397
